Introduction
Dilated cardiomyopathy (DCM) has a prevalence of at least 1:250 and is an important cause of heart failure (HF) and transplantation in young adults. 1, 2 The disease is familial in up to 45% of patients. Up to one quarter of DCM patients have a combined genetic and environmental aetiology. 1, 3, 4 Approximately 15-20% of DCM patients have a truncating TTN variant (TTNtv), largely enriched in the titin Aband. 5, 6 Furthermore, TTNtv located in constitutive exons (spliced in >90% of transcripts) are strongly associated with DCM, irrespective of their position in TTN. 5 As the pathogenicity of these TTNtv becomes increasingly evident, the non-genetic factors determining their penetrance remain largely unknown. Recently, chemotherapy was reported as a potential factor uncovering TTNtv effects. 7 Also, peripartum changes can be a factor uncovering the underlying genetic mutation as TTNtv are prevalent in patients with peripartum cardiomyopathy. 8 However, the overall involvement of non-genetic acquired factors is largely unclear. Information regarding the clinical phenotypes and outcomes of DCM patients with TTNtv mutations at long-term is also sparse and often contradictory. 5, 9 An increase in arrhythmias at early presentation, but a paradoxically more treatable phenotype at follow-up was reported in TTNtv patients. 9, 10 However, long-term data on cardiac arrhythmias-and its relation to overall survival-are lacking. Metabolic changes were reported in the TTNtv hearts of rats as compared to normal hearts. 6 Whether such metabolic changes reflect overall cardiac stress or are directly caused by the TTN mutation remains unknown. In ischaemic aetiologies of HF, metabolomics have provided valuable insights on the cardiometabolic disease state with additional prognostic value. 11, 12 By contrast, there is a paucity of data in non-ischaemic DCM. 13 Data on cardiac structural and molecular changes in TTNtv patients are missing, but strongly needed to understand the pathophysiology of TTNtv. Our aim in this study was to better understand and dissect the phenotypic and clinical significance of the TTNtv at long term. We undertook deep phenotyping, longitudinal clinical follow-up and analysis of molecular pathways in endomyocardial biopsies of a large consecutive cohort of patients with TTNtv compared to TTNtv negative DCM patients.
Methods

Study design
All clinical and follow-up data were collected from 2004 until July 2016 in the Maastricht Cardiomyopathy Registry. 3 Pedigree analysis and sequencing of a 47-cardiomyopathy-associated gene panel including TTN was performed in 303 consecutive, unrelated cardiomyopathy patients since 2012. The study was performed according to the declaration of Helsinki and was approved by the Medical Ethical Committee of Maastricht University Medical Centre. All patients gave written informed consent. All patients received treatment according to the latest ESC guidelines on acute and chronic HF therapy. 14 
Patient recruitment
Inclusion criteria for the inclusion of patients referred to our centre with unexplained LV dysfunction were: (i) DCM defined as LVEF < 50% with an indexed left ventricular end diastolic diameter (LVEDDI) > 33 mm/m 2 (men) or >32 mm/m 2 (women) measured by echocardiography; or a hypokinetic non-dilated cardiomyopathy (HNDC) defined as LVEF < 50% with an LVEDDI < _ 33 mm/m 2 (men) or < _ 32 mm/m 2 (women) measured by echocardiography. 15, 16 This mixed population is further referred to DCM in this paper; (ii) sequencing of TTN; (iii) age > _18 years; (iv) written informed consent. Exclusion criteria for the Maastricht Cardiomyopathy Registry included: (i) previous history of myocardial infarction and/or significant coronary artery disease (stenosis > 50%) using coronary angiography sufficient to explain cardiac dysfunction; (ii) primary valvular disease (mitral regurgitation grade > _3, aortic regurgitation grade > _2, or aortic stenosis with AVA < 1 cm 2 ); (iii) hypertensive heart disease; (iv) congenital heart disease; (v) acute myocarditis; (iv) arrhythmogenic right ventricular dysplasia; (vii) hypertrophic or peripartum cardiomyopathy.
Follow-up
Patients were followed for at least 6 months after their first visit to our specialized outpatient clinic up to 12 years with a median follow-up of 45 months [interquartile range (IQR), 20-77 months]. Follow-up data on (cardiac) death, heart transplantation (HTx), life-threatening ventricular arrhythmias (LTA), and unscheduled HF hospitalization were collected using medical records, municipal population register and/or telephone contact with general practitioners. End of follow-up was defined by 1 July 2016. No patients were lost to follow-up. The primary endpoint was the combination of cardiac death, HTx, LTAs, and HF hospitalization. Lifethreatening arrhythmias is defined as non-fatal ventricular fibrillation (with or without ICD-shock), haemodynamic unstable sustained ventricular tachycardia, and/or sustained ventricular tachycardia with appropriate ICD-shock.
Transthoracic echocardiography
Echocardiographic measurements were performed in the standard parasternal, apical, and subxiphoidal views at baseline and after 1 year followup (median 10 months; IQR 7-14 months). Follow-up echocardiography after 1 year was available in 260 (86%) patients. Left ventricular reverse remodelling (LVRR) was characterized as an absolute increase of > _10% or LVEF > _ 50% with at least 5% improvement. Observers of echocardiography were blinded to clinical and genetic data.
Magnetic resonance imaging
Cine and late enhancement (LE) images were acquired on a 1.5 T MRI system (Intera, Philips Medical Systems, Best, The Netherlands). Late enhancement imaging was performed 10 min after an intravenous bolus of 0.2 mmol/kg body weight gadolinium-diethylenetriaminepentaacetic acid (Gadovist, Bayer, Berlin, Germany). Two observers, blinded to genotyping data, analysed the cine and LE images by using commercially available software (CAAS MRV3.0, Pie Medical Imaging, Maastricht, The Netherlands).
Endomyocardial biopsy
At least six endomyocardial biopsies (EMB) samples were taken from the right ventricular septum via the internal jugular vein or the femoral artery using a transcatheter bioptome. Biopsies were collected as part of routine diagnostics for DCM, to identify other triggers related to DCM such as viruses, inflammation, storage diseases, and metabolic disorders. Biopsy specimens were used for the immunohistological analysis and for the detection of viral genomes (adenovirus, enterovirus, cytomegalovirus, parvovirus B19, human herpesvirus-6, and Epstein-Barr virus). Significant viral load was defined as > _500 copies/lg DNA. 3, 17 A more detailed description of the methods is in the Supplementary material online.
Increased cardiac inflammation was defined as > _14 CD45, including up to Titin cardiomyopathy leads to altered mitochondrial energetics 4 CD68-infiltrating cells/mm 2 according to the current ESC guidelines. 18 Collagen fraction volume (CFV) was quantified as percentage tissue positive for Sirius red of the total myocardial area.
Genetic evaluation
All patients received genetic counselling and analysis of a 47-cardiomyopathy-associated gene-panel including TTN (Supplementary material online, Table S1 ). The family history of cardiac related disease and/sudden cardiac death was obtained by pedigree analysis. Familial inheritance was defined as the presence of two or more affected non-ischaemic DCM individuals in a single family. 16 The performance and interpretation of the genetic analysis is described in the Supplementary material online.
Metabolomic analysis
Metabolomic analysis of acylcarnitines and amino acids was performed in plasma samples of all DCM patients included since February 2015 using electro-spray ionization ultra-performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS). Acylcarnitine profiling and amino acid quantification were performed as described previously 19 .
RNA-sequencing
RNA was isolated from EMBs of selected DCM patients and checked for quality and integrity. The mRNA sequencing library was generated using TruSeq mRNA sample preparation kit (Illumina) and sequenced on the NextSeq 500 (Illumina). The bioinformatics tools Ingenuity V R pathway analysis (IPA V R ) and GAGE [with Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway enrichment] were used for molecular pathway analysis. Metabolic pathways were used from Wikipathways and Pathvisio software to visualize the expression changes found in the data sets. The RNA sequencing steps and bioinformatical analysis are described in more detail in the Supplementary material online.
Statistical analysis
Variables are displayed as numbers (percentage), mean ± standard deviation or median (IQR) as appropriate. Categorical variables were compared using v 2 test or Fisher's exact test. Continuous variables were compared using Student's t-test or Mann-Whitney U test. The KaplanMeier method was used to calculate survival curves (comparison between groups by log-rank test). Univariable Cox proportional hazards regression analysis was performed to assess clinical and demographic covariates associated with event-free survival. Statistical significance was accepted at the 95% confidence interval (95% CI) (P < 0.05). Statistical analysis was performed using SPSS 23.0 (IBM Corp., Armonk, NY, USA) software.
Results
Study population
Thirty-eight out of 303 patients had a TTNtv (13%) (Supplementary material online, Figure S1 and Table S2) . A pathogenic mutation in a different cardiomyopathy-associated gene was detected in 35 patients (n = 12%; Supplementary material online, Table S3 ). None of these patients had a double pathogenic mutation. The majority of these patients were male (76%). Significantly more patients with a TTNtv had a family history of DCM as compared to the TTNtv negative patients ( 
Lower left ventricular mass in truncating titin variant patients
Left ventricular ejection fraction and/or left ventricular end-diastolic/ systolic diameter did not differ between the two groups at baseline ( Table 1) . However, indexed left ventricular mass (LVMi) was significantly reduced in TTNtv patients despite the absence of differences in left ventricular end diastolic volume (LVEDVi) ( Table 1) Enhanced interstitial myocardial fibrosis and arrhythmias at baseline in truncating titin variant patients
Interstitial myocardial fibrosis at EMB was significant higher in patients with a TTNtv (Figure 2 ; 12% vs. 6.3%; P < 0.001), whereas mid-wall replacement fibrosis at CMR did not differ among the groups ( Table 1) . The interstitial fibrosis at EMBs had a homogeneous intramyocardial pattern, suggestive of reactive fibrosis (Figure 2 ; Supplementary material online, Figure S2 ). Increased interstitial myocardial fibrosis went along with a slightly higher incidence of non-sustained ventricular tachycardias (NSVT) at baseline (Supplementary material online, Figure S3 ; P = 0.04). Notably, TTNtv patients had more NSVT at early presentation ( Table 1 ; P < 0.001). The latter was also reflected by a higher incidence of (pre)syncope and/or palpitations in TTNtv patients. This interstitial myocardial fibrosis at EMB did not correlate with the focal mid-wall fibrosis measured by CMR LE imaging (P = 0.11). In conclusion, these data revealed enhanced interstitial myocardial fibrosis at EMBs but decreased mass of TTNtv hearts, along with increased NSVTs and related symptoms at baseline.
More life threatening arrhythmias but similar survival at long-term follow-up
The rate of LVRR did not significantly differ between the groups at 1-year echocardiographic follow-up (Figure 3) .
A total of 51 patients (17%) reached the primary endpoint during a median follow-up of 45 months (IQR 20-77 months): cardiac death (n = 12), Htx (n = 2), LTA (n = 28), or HF hospitalization (n = 18). Short-and long-term outcome, survival, and the combined primary endpoints did not significantly differ between the groups (Table 2; Figure 4A ). However, TTNtv patients had a significantly higher risk of a LTA at long-term follow-up, mainly sustained VT [9 (24%) vs. 19 (7%); HR 2.78; 95% CI 1.23-6.29; P = 0.014; Table 2 ; Figure 4B] . The occurrence of a LTA significantly correlated with the presence of NSVT at baseline (P < 0.001; HR 5.27; 95% CI 2.46-11.29).
Gene-environmental interactions in truncating titin variant patients
Patients were classified according to their possible contributing environmental factors to score the gene-environmental interactions in TTNtv patients as described before (Supplementary material online, Table S4) . 3 Seventeen TTNtv patients (45%) had an environmental factor possible contributing to their phenotype (i.e. viral, immunemediated, toxic). Truncating titin variant patients with an additional environmental factor have a significantly higher risk of developing LTA at long-term (log-rank = 0.047; Figure 5 ). However, due to the low number of TTNtv patients, these results should be considered as hypothesis-generating.
Alteration of metabolic and structural pathways in the heart of truncating titin variant patients
To gain better insight into the cardiac pathophysiological changes in response to TTNtv, genome-wide transcriptome analysis (RNAsequencing of EMB) was performed in a representative group of patients with similar HF severity, as defined by LVEF and NYHA class (n = 21, 13 TTNtvþ, 8 TTNtv-DCM; Supplementary material online, Table S5 and Figure S4 ). In general, RNA sequencing showed comparable TTN transcript levels in patients with or without TTNtv (Supplementary material online, Table S6 ). Subsequent gene set enrichment analysis with KEGG terms using the GAGE bioinformatics tool, revealed significant alterations of different molecular pathways in TTNtv patients compared to the other HF group ( Figure  6A) . Many of the significantly enriched pathways were related to cardiac energy metabolism. Differential expressed genes were analysed with the IPA V R software to further validate these findings. Here, mitochondrial dysfunction was most affected (Table 3) . Notably, closer visualization on the mitochondrial oxidative phosphorylation pathway by means of Pathvisio and Wikipathways revealed increased expression of genes across all the electron transport chain complexes (ETC), involving complex I to IV as well as the adenosine triphosphate (ATP) synthase (complex V) ( Figure 6B) . Remarkably, the marked changes in ETC were not associated with concurrent changes in the expression of enzymes involved in the citric acid cycle, Figures S5-S7 ). Next to alterations in the ETC, perturbations in cardiac hypertrophy, oxidative stress and fibrosis in the TTNtv heart are suggested by gene set enrichment analysis showing overlapping KEGG and IPA V R terms ( Figure 6A ; Table 3 ). To further investigate the metabolic consequence of altered gene expression in TTNtv patients; amino acids, acylcarnitines, and verylong-chain fatty acids were measured in plasma (Supplementary material online, Table S7 ). Relative to the other group, short-and medium-chain acyl-carnitines, and very-long-chain fatty acids were elevated in the plasma of TTNtv patients (Supplementary material online, Figure S8 and Table S8 ). The principal long-chain acylcarnitine (C16: 0, C18: 0, C18: 1 and C18: 2) did not differ. Also, plasma branched-chain amino acids (BCAA) were not elevated in TTNtv patients (Supplementary material online, Figure S9 ). All metabolic analyses were corrected for gender, as all TTNtv patients were male (Supplementary material online, Table S7 ).
. . fatty acid oxidation, or glycolysis (Supplementary material online,
Discussion
This study examined the phenotypic characteristics and clinical outcomes at baseline and after long-term follow-up of TTNtv DCM patients and unveiled the underlying cardiac molecular changes. In TTNtv DCM hearts, pronounced cardiac alterations in mitochondrial function, increased interstitial fibrosis and reduced ventricular mass was found. Those structural and metabolic alterations related to TTNtv went along with an increased propensity to (life-threatening) ventricular arrhythmias at long-term follow-up (Take home figure) .
In our cohort, the prevalence of TTNtv mutations was 13% (33% in familial DCM and 7% in sporadic cases) in line with previous studies. 4, 20, 21 Structural analysis of EMB from living TTNtv patients revealed enhanced myocardial interstitial fibrosis as compared to TTNtv negative DCM patients. Fibrosis is known to be a substrate for arrhythmogenesis in DCM patients, 22 and may therefore in part explain the ventricular arrhythmogenic burden in TTNtv patients at long-term follow-up found here, and by others at baseline. 5, 9, 10 The degree of late enhancement at CMR did not differ in TTNtv compared to TTNtv negative DCM patients, as observed previously. 5 This paradox between histological fibrosis and CMR late enhancement is in line with the rather reactive diffuse interstitial fibrosis at EMB upon pathogenic TTN gene mutation, which cannot be detected with late enhancement CMR, the latter only sensitive for extensive replacement fibrosis. 23 Despite the increased interstitial fibrosis, TTNtv patients seem to respond well to therapy, possibly due to the reactive character of the fibrosis in the absence of cardiomyocyte death. Whether T1 mapping-not routinely performed in our centre before 2016-may be helpful to quantify this diffuse interstitial fibrosis requires further investigation.
More life-threatening arrhythmias but a similar prognosis in truncating titin variant dilated cardiomyopathy patients
Our patients with a TTNtv had more ventricular arrhythmias at baseline and LTAs at long-term, mainly in those with additional environmental factors, suggesting a more severe clinical course when a second (environmental) trigger is present on top of the TTNtv. This first insight into the importance of gene-environmental interaction in the LTA of our well-phenotyped TTNtv patients, is in line with similar observations with the phenotypic and prognostic impact of geneenvironmental interaction in other DCM cohorts. 3, 24 Despite the arrhythmogenic burden, we did not observe a significant impact on prognosis (i.e. death, heart transplantation), potentially due to effective device therapy (ICD). Also, almost 50% of our TTNtv patients have significant LVRR after 1-year HF medication. TTNtv DCM thus seems to respond well to HF therapy in line with previous observations, 9 but still are more prone to ventricular arrhythmias at long-term. In the latest ESC guidelines, LMNA mutations are the only mutations for which preventive ICD therapy should be considered in DCM. 25 However, the current and other studies indicate that TTNtv should also be considered as an additional genetic risk for ventricular arrhythmias.
5,10
Pronounced mitochondrial remodelling in truncating titin variant dilated cardiomyopathy patients
The consistently higher transcript levels of all mitochondrial electron transport chain (ETC) complexes in TTNtv hearts is remarkable. Especially while other building blocks of cardiac energy metabolism (citric acid cycle, fatty acid oxidation, glycolysis) are relatively unaffected. These findings suggest an increased efficiency of mitochondrial Titin cardiomyopathy leads to altered mitochondrial energetics ATP production trying to counterbalance a TTNtv-related sarcomeric defect. It may thus represent an attempt to compensate for the limited contractile and reserve capacity in TTNtv mutations previously observed in vitro. 26 This finding supports the suggestion that TTNtv hearts are in a compensated state inflexible to further stress as suggested by others. 6 Our cardiac metabolic data are in line with the metabolic remodelling found in TTNtv mutated rat hearts compared to control hearts recently reported. 6 Similar to our patients, TTNtv mutated rat hearts had an enrichment of mitochondrial pathways and increased transcript levels of respiratory chain constituents (Atp1a3, Atp6ap1). Importantly, these TTNtv rats were compared to healthy wild type hearts. The latter suggests that the human cardiac changes we observe in TTNtv patients reflect true up-regulation of mitochondrial energetics and not less down-regulation compared to TTNtv negative DCM patients. The direct causal links by which these TTN gene mutations lead to mitochondrial alterations require further investigation e.g. in vitro, animal or humanized cell models, to understand the significance from a clinical and therapeutic perspective. In HF, it is generally acknowledged that mitochondrial oxidative energy metabolism becomes impaired and is compensated by an increased anaerobic glycolysis. 11 This translates in elevated longchain acylcarnitines levels in the circulation of these patients. Also, BCAA are often elevated in HF patients, although reasons for this increase are unknown. However, plasma levels of small-and medium chain acylcarnitines were increased in our TTNtv patients, but circulating levels of long-chain acylcarnitines were unaltered. Elevated blood long-chain acylcarnitines have been independently associated with arrhythmias and adverse clinical outcomes. 12 The unaltered level of long-chain acylcarnitines does not support the idea that cardiac mitochondrial function is severely compromised in TTNtv patients. 11 Instead, the massive up-regulation of respiratory chain transcripts may indeed point to a compensatory increase in mitochondrial function. Therefore, the increased propensity for LTAs in TTNtv patients is not driven by an accumulation of noxious lipid intermediates in blood. Increased cardiac fibrosis, pronounced energetic alterations and increased ventricular arrhythmias at long-term were associated with a decreased LV cardiac mass in TTNtv patients, whereas cardiac systolic function or dimensions did not differ. Although this decreased cardiac mass is not directly clinically relevant, it offers insight in the pathomechanism of TTNtv DCM. Whether this reduction in cardiac mass relates to a lower ability for hypertrophic compensation to (mechanical) stress (as titin is important for mechanotransduction at the sarcomere), or whether less cardiomyocyte hypertrophy is needed to compensate for this gene deficit compared to others, requires further investigations.
Limitations
The current study population was enrolled in a single tertiary referral centre, thus imposing a possible selection bias. Because of the relative low number of TTNtv patients in our cohort, the current study had insufficient power to perform multivariable modelling. Although the results are clear and unidirectional, sub-analyses (such as the geneenvironmental analysis) lack adequate power and should be considered as hypothesis-generating. Therefore, these results should be interpreted with caution and need confirmation in larger cohorts.
Conclusions
In summary, DCM patients with a TTNtv are prone to ventricular arrhythmias at long term, which is aggravated in combination with an additional environmental factor. These arrhythmias go hand in hand with increased cardiac interstitial fibrosis and pronounced changes in mitochondrial function.
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